Runoff from manure piles and permanent outdoor confinement areas are common sources of pollution from livestock operations, which must be properly managed in accordance with local environmental regulations. Seven months of performance data from a pond-free water surface constructed wetland system receiving cattle feedlot runoff in Eastern Ontario, Canada, were used to evaluate performance and quantify first-order reaction rate constants (k) for organic matter and nutrients. Kinetic values were shown to be strongly temperature dependent and to adequately represent average treatment over the operating season; however, k values varied significantly on shorter time scales due to the event-based nature of the treatment system. Plant (duckweed) uptake of soluble phosphorus and ammonia in the pond was shown to be a predominant mechanism of nutrient removal. The pond-wetland system was effective at reducing biological oxygen demand (BOD 5 ) by 67%, total phosphorus (TP) by 45%, and total nitrogen (TN) by 64%, providing a cost-effective and appropriate solution for beef producers.
Introduction
The recycling of nutrients, implicit in the use of animal manure as an agricultural fertilizer, has always been a central component to sustainable livestock production. However, beef producers often store manure in uncovered piles and keep animals in outdoor confinement areas, giving rise to the generation of manure pile and exercise yard runoff. The runoff, which can be characterized as having a low agronomic benefit but a high pollution potential, must be properly managed to meet regulatory requirements and to avoid contamination of ground or surface waters [1] [2] [3] . Conventional uncovered manure piles, permanently exposed to rainfall, represent a challenge for farmers given the significant quantity of runoff produced. Passive treatment technologies, such as pond and free water surface constructed wetland (FWS CW) systems, can provide appropriate solutions for runoff management on beef farms and are able to attenuate pulse flows and tolerate variable water levels from storm events [4] [5] [6] . Pond and FWS CWs can meet livestock producer's preference for technology with low capital costs and low labor requirements [7] .
CW systems have been widely designed and characterized for domestic wastewater applications using the P-k-C* model, described by Kadlec and Wallace [6] , while recent studies have also demonstrated the model's applicability in the design of agricultural wastewater FWS CWs [8, 9] ; however, data from livestock applications remain relatively scarce. In this study, an experimental pond-FWS CW system, treating beef manure pile and exercise yard runoff in eastern Ontario, Canada, was evaluated, and the FWC CW modeled. The study objectives were: (i) to evaluate the pond-FWS CW system performance and to elucidate treatment mechanisms, (ii) to determine average wetland kinetic removal rate constants and temperature coefficients, and (iii) to investigate the effect of precipitation events on treatment performance and kinetics. It is intended that the results derived from this study would serve to broaden our current understanding of runoff treatment wetland systems and to help improve the design of future treatment systems.
Materials and Methods

Site Description and Operation
The pond-FWS CW system evaluated in this study is located at the Pemdale beef farm in Winchester, Ontario, Canada (approx. 60 km south of Ottawa, ON, Canada), which is comprised of an average of 30 cattle. Over the wetland operating season from May to November, 30-year climate normals vary from 1.3 • C in November to 20.5 • C in July with an average of 13.4 • C and an average precipitation of 610 mm. The 2017 operating season had a somewhat above average daily temperature of 15.2 • C and was an abnormally wet year, with the farm receiving 922 mm of rainfall from May to November. The system stops operating in early December when average temperatures drop below 0 • C, runoff ceases, and the FWS CW water column freezes.
The manure is piled on an uncovered 1000 m 2 concrete pad and spread onto the surrounding fields every three years as fertilizer. Manure and the exercise yard runoff are discharged from the concrete pad into a concrete pump chamber (PC) and then pumped into a primary treatment pond (P1), through a header pipe. The pond has an area of 109 m 2 and a depth of 1.5 m. An overflow weir in vegetated heavy clay soil runs the entire width of the pond with the effluent flowing into a surface flow constructed wetland (W). Both P1 and W were constructed in the native clay soil compacted with an excavator shovel. The constructed wetland spans approximately 9 × 11.5 m (103.5 m 2 ) and has an average depth of 0.3 m. The wetland contains mainly cattails (Typha sp.) that start re-growing during April and reach full growth by June. The wetland effluent is stored in an existing farm pond (P2), where it flows to an existing farm surface drain. P2 was influenced by groundwater and was not included in the study. The pond-FWS CW was constructed during the fall of 2014 and is depicted in Figure 1 .
A total of 44 sampling visits were conducted throughout the seven-month study period, from the beginning of the growing season in May until the beginning of freeze-up in November. Cumulative pump runtime data were recorded during every visit, and in-situ measurements of water temperature, dissolved oxygen, and pH were conducted in PC, P1, and W. Single grab samples were collected from PC, P1, W, and P2 effluent at each visit using a bottle sampler to reach mid-depth at each sampling point. Field duplicates were collected approximately every ten samples and after intense rain events when concentrations were expected to change drastically. Samples were collected 1-2 times per week from May to November of 2017 and immediately transported to the environmental engineering research laboratory at the University of Ottawa for analysis. Triplicate analyses were done every 10 samples for laboratory quality assurance. The following analyses were conducted using the procedures outlined in the standard methods for the examination of water and wastewater APHA (2005): Chemical oxygen demand (COD)-method 5220; biochemical oxygen demand (BOD 5 )-method 5210 B; total phosphorus (TP)-method 4500 B and C; phosphates (PO 4 3− as P)-method 4500 P; and total suspended solids flow constructed wetland (W). Both P1 and W were constructed in the native clay soil compacted with an excavator shovel. The constructed wetland spans approximately 9 × 11.5 m (103.5 m 2 ) and has an average depth of 0.3 m. The wetland contains mainly cattails (Typha sp.) that start re-growing during April and reach full growth by June. The wetland effluent is stored in an existing farm pond (P2), where it flows to an existing farm surface drain. P2 was influenced by groundwater and was not included in the study. The pond-FWS CW was constructed during the fall of 2014 and is depicted in Figure 1 . Meteorological data (precipitation, air temperature, wind speed, and relative humidity) were obtained from the Kemptville (ON) meteorological station (25 km from the site) for May, while data from the Winchester agricultural research station (adjacent to the research site) were utilized for the rest of the study period (June-November).
Data Analysis
The information collected was divided into six periods to study temporal variation in temperature on system performance, isolate periods of consistent precipitation, and reduce variability due to short-term variations of inflow and outflow quality (synoptic error) [6] . Since averages of at least three hydraulic retention times should be used when estimating W kinetic constants and comparing removal rates to avoid synoptic error [6] , time periods of approximately one month were used. A lag time, based on a three-tank in the series model [10] , was utilized to align the W inlet and outlet samples collected for each of the 44 sample dates. The pond was assumed to be completely mixed, so no lag correction between PC to P1 samples was applied. To calculate residence times, a volumetric efficiency coefficient of 0.82 was used for W [6] .
Given that the flow was dependent on the intensity and frequency of precipitation events, the hydraulic loading rate (HLR) and the hydraulic retention time (HRT) in each subsystem were variable. The average flow varied from 0.7 to 7.1 m 3 /d in P1 and from 1.2 to 7.9 m 3 /d in W. The slight increase in the flow values in W was due to the water mass balance that considered the volume of daily precipitation and daily evaporation of P1 in the calculation of the W influent. Infiltration through the compacted heavy clay soil was assumed to be negligible. This mass balance was also used to correct for any effect of dilution or concentration on the constituents in W, given that its small volume was more sensitive to any change due to precipitation or evapotranspiration. To calculate the daily evaporation rates in P1, the formula developed by Hargreaves (1968) was used as it has been found to provide a reasonable estimate of evaporation in Northern Ontario regions [11] [12] [13] . The retention time ranged between 15.3-149 days and 3.9-25 days in the P1 and W, respectively. Table 1 presents these values for each of the six periods analyzed, as well as the averaged DO concentrations and the monthly-averaged water temperatures used for further correction of kinetic constants. Table 1 . Means of dissolved oxygen (DO) concentration, water temperature (T), flow (Q), hydraulic loading rate (HLR), and hydraulic retention time (HRT) for the six monitoring periods in the pond free water surface constructed wetland (FWS CW) system (Pump chamber, PC; primary treatment pond, P1; free-water surface constructed wetland, W). To characterize the performance of W in reducing contaminants, the P-k-C* model [6] was used. The P-k-C* model, or relaxed tanks in series (TIS) concentration model is defined to be:
Period
where C i is the inlet concentration (mg/L), C e is the outlet concentration (mg/L), C* is the background concentration, P is the apparent number of tanks in series (TIS), and k is the first-order areal rate constant (m/yr). Considering the potential for dependence of the kinetic constants on temperature, the Arrhenius temperature coefficient θ was incorporated in the formula to normalize k for temperature effects. The k values are reported at 20 • C:
where θ is the Arrhenius temperature coefficient. These two formulas were used to calibrate the parameters of the P-k-C* model that best predict the concentration values observed in the W effluent for each of the constituents for the six periods from May to November.
A routine was programmed in MS Excel to generate random sets of values of the parameters P, k, θ, and C* and to evaluate iteratively the function described in the P-k-C* model for each constituent. The ranges used to generate the array of values for each parameter were: {1-4} for P as used by [6] ; Figure 2 ); and {0-1.07} for θ as the widest range observed by [6] . Modeled effluent concentration values were generated in each of the 3000 iterations performed for each constituent, and the sum of squares (SS) between the modeled and observed values was assessed. These SS values were then used as a proxy of the goodness of fit and were then ranked in descending order to identify which sets of P, k, θ, and C* generated modeled values that described better the observed concentrations. All the best-fit combinations that yielded within 1.5 times the lowest SS were used to calculate average model parameters and confidence intervals.
The F-test for statistical lack of fit analysis was employed and computed in Microsoft Excel to determine if the model was adequate and described well the observed values [16] , where n is the overall sample size, c is the number of fitted values (each value corresponding to a period), and the null hypothesis (H 0 : no significant lack of fit) is rejected if F' > F (c−4, n−c, 0.05).
Coefficients of determination were calculated to compare the modeled to actual data for each water quality parameter.
Results and Discussion
The concentrations of each of the constituents observed in PC, P1, and W are presented in Figure 2 . Relatively constant conditions of temperature and precipitation occurred throughout each period. Period 1 was characterized by the spring melting season with low and medium intensity rainfall events (mostly < 20 mm/d). Period 2 was characterized by being very humid, with numerous days of medium-intensity rainfall (up to 39 mm/d) that generated persistent humid conditions in the manure pile and increased concentrations of all constituents entering the system (PC). Period 3 had separated high-intensity rainfall events (up to 107 mm/d), which generated a high variability in the concentrations of all constituents analyzed throughout the system. This variability seemed to depend on the intensity of the event and the hydraulic capacity of the pond and wetland. Periods 4 and 5 were characterized by scarce rainfall, mostly low intensity, which generated long residence times in the system and large differences in constituent concentrations between P1 and W. Rain patterns and increases in concentrations similar to those of Period 2 occurred in Period 6, but at lower temperatures.
Average concentrations of the water constituents in PC, P1 (i.e., the inflow of the wetland), and W (i.e., the outflow of the wetland) are provided in Table 2 . Water 2020, 12, 168 8 of 17
Organic Matter
The organic matter was analyzed as both BOD 5 and COD to reveal potential patterns between their respective removals and their ratios throughout the system. The COD/BOD 5 ratio observed in PC averaged 7.6 with a range of 6.0-14.9, which is similar to reported values in previous cattle manure runoff analysis, which ranged from 8.8 to 24.8 [17, 18] .
The COD/BOD 5 in PC (i.e., raw manure pile runoff) throughout the year showed a high correlation with temperature (R 2 = 0.96) ( Figure 3 ). It has been demonstrated that with increasing temperature, the degradation of organic matter in composting piles is accelerated, resulting in stability being more quickly attained, a lower BOD 5 , and higher COD/BOD 5 [19] . Stability is achieved when the biodegradability of the pile content decreases and, subsequently, the microbial activity is limited by access to readily biodegradable matter. Biodegradability is proportional to the fraction of BOD 5 in an organic matter [20] , which affects the COD/BOD 5 ratio of the pile. Figure 3 demonstrates that during the warmer months (Periods 1-4), the manure pile resembled a compost pile with a reduced fraction of readily degradable organic matter being washed out during rain events. This suggested that the way the manure is being stored, the season and the ambient temperature could have a significant impact on the composition of the organic matter entering the system. (COD), biological oxygen demand (BOD5) and (b) total nitrogen (TN), ammonia (NH4 + ), nitrate (NO3 − ), total suspended solids (TSS).
The organic matter was analyzed as both BOD5 and COD to reveal potential patterns between their respective removals and their ratios throughout the system. The COD/BOD5 ratio observed in PC averaged 7.6 with a range of 6.0-14.9, which is similar to reported values in previous cattle manure runoff analysis, which ranged from 8.8 to 24.8 [17, 18] .
The COD/BOD5 in PC (i.e., raw manure pile runoff) throughout the year showed a high correlation with temperature (R 2 = 0.96) ( Figure 3 ). It has been demonstrated that with increasing temperature, the degradation of organic matter in composting piles is accelerated, resulting in stability being more quickly attained, a lower BOD5, and higher COD/BOD5 [19] . Stability is achieved when the biodegradability of the pile content decreases and, subsequently, the microbial activity is limited by access to readily biodegradable matter. Biodegradability is proportional to the fraction of BOD5 in an organic matter [20] , which affects the COD/BOD5 ratio of the pile. Figure 3 demonstrates that during the warmer months (Periods 1-4), the manure pile resembled a compost pile with a reduced fraction of readily degradable organic matter being washed out during rain events. This suggested that the way the manure is being stored, the season and the ambient temperature could have a significant impact on the composition of the organic matter entering the system. The influent COD/BOD5 ratios were much higher than typical municipal wastewater, which has COD/BOD5 ratios ranging from 1.3 to 3.3 [6, 21] , possibly due to the high content of cellulose in manure, which is subjected to much slower microbial hydrolysis than the proteins and lipids commonly found in sewage [22] . The pond/wetland system was effective at removing 67% BOD5 and 66% COD, with most removal occurring in the pond ( Table 2) . This was lower than expected in a domestic wastewater FWS CW treatment system, where efficiencies above 80% could be achieved in the wetland stage alone [23] . This might be due to the high COD/BOD5 ratio, which increased throughout the system and indicated that the organic matter became progressively more difficult to treat as the readily biodegradable fraction was removed ( Table 3 ). The influent COD/BOD 5 ratios were much higher than typical municipal wastewater, which has COD/BOD 5 ratios ranging from 1.3 to 3.3 [6, 21] , possibly due to the high content of cellulose in manure, which is subjected to much slower microbial hydrolysis than the proteins and lipids commonly found in sewage [22] . The pond/wetland system was effective at removing 67% BOD 5 and 66% COD, with most removal occurring in the pond (Table 2) . This was lower than expected in a domestic wastewater FWS CW treatment system, where efficiencies above 80% could be achieved in the wetland stage alone [23] . This might be due to the high COD/BOD 5 ratio, which increased throughout the system and indicated that the organic matter became progressively more difficult to treat as the readily biodegradable fraction was removed ( Table 3 ). The pond/wetland system was quite effective at reducing TP and PO 4 3− by 45% and 43%, respectively ( Table 2 ). However, most of the removal occurred in P1, where 12.6 mg/L or 87% of the particulate P was removed, likely through sedimentation, and 23.8 mg/L or 35% of soluble P was removed either through sorption or plant uptake (Table 3 ). In settling or stabilization ponds, sorption processes have finite retention capacities and can remove limited P after reaching saturation of active sites. In surface flow wetlands, the median time to saturation is about one year, and it is expected to be shorter in ponds since the volume to surface area ratio is larger, and the lack of area available limits their sorption capacity [6] . It is presumed that the elevated removal of soluble phosphorus observed in P1 was due to plant or microbial uptake related processes, given the soluble nature of PO 4 3− , and the lack of evidence of other significant removal mechanisms under these conditions [6, 9, 24] . This proposed pathway of removal was supported by the observation of significant growth of floating macrophytes, or duckweed (Lemna sp.), in the pond throughout the monitoring period. By contrast, all the remaining 1.9 mg/L of particulate P was removed in W, while only 4% (1.8 mg/L) of the remaining soluble P was removed. The apparent lack of removal in W could be due to the seasonal translocation of phosphorus from rhizomes to aboveground plant parts. During the spring growth spurt, up to 100% of the plant growth P needs may be withdrawn from storage in the belowground biomass [6] . Even in warmer months, microbial and plant uptake may be operating rapidly, but so are leaching and decomposition processes in the litter, reducing the net removal rate of this nutrient [6] . Overall, the wetland performed poorly with respect to phosphorus removal.
Phosphorus
Other researchers have reported low TP treatment efficiencies for wetlands receiving wastewater from livestock and agricultural operations, especially as the wetland ages and the sorption sites for P reach saturation [4, 6, 8, 25, 26] . Stone et al. [25] indicated that the removal of phosphorus from swine-derived wastewater could reach 85% at input concentrations of between 1 and 3 mg/L, but as the concentration increased beyond 40 mg/L, this percentage could drop to 6%, which coincided with the removal observed in W in this study.
Nitrogen
The TN average concentration in PC was quite elevated at 145 mg/L, with 50% as NH 4 + , 31% as organic N (N org ), and 19% as NO 3 − . The average concentration of 27 mg/L NO 3 − -N was higher than literature values, where concentrations of 10 mg/L-N were not exceeded in cattle feedlot runoff [6, 8, 17] . NO 3 − is largely absent in fresh manure; however, nitrification can occur in a manure pile if favorable conditions of moisture content and oxygen transfer are present. For example, peaks of up to 72 mg/L of NO 3 − -N were observed following intermittent low-intensity rain (<10 mm/d), such as during period 5
( Figure 2b) . These observations are supported by both [19] and [27] , who reported increases in NO 3 − concentrations in manure compost piles of more than 600% on a dry weight basis. The relatively high NO 3 − concentrations observed in this study supported the hypothesis that composting processes are occurring in the manure pile. The removal of TN in the system was greater in P1 as compared to the wetland. The N removal mechanisms present in a stabilization pond have been identified by previous research as follows: sedimentation of the particulate N, mainly N org ; plant uptake of inorganic N, mainly NH 4 + as a preferable source of N for assimilation given that it is more reduced energetically than NO 3 − ; and the ammonification-nitrification-denitrification cycle [6] . The latter depends on dissolved oxygen (DO) stratification in the pond, which promotes the conversion of N org and NH 4 + to NO 3 − on the surface and the stripping of NO 3 − to N 2 (g) in the deeper anaerobic zones. In P1, all nitrogen species were reduced by 46% to 62% (Table 2) , keeping their percent distribution almost unchanged from PC to P1. Most of the particulate N (76%) was removed through sedimentation in P1, while the remaining 53% of soluble N org was converted to NH 4 + or hydrolyzed (Tables 2 and 3 ). This suggested that in P1, the removal rate of NH 4 + was greater than that of the other nitrogen species, given that it had to counteract the simultaneous ammonification of N org to maintain the same concentration ratio. Nitrification processes are inhibited at DO concentrations below 1 mg/L [28] , as was the case in P1, where the average DO concentration was 0.7 mg/L (Table 1) . Given the absence of optimal conditions for nitrification, it was hypothesized that the active net removal of NH 4 + and soluble N org observed in P1 was through plant uptake. Regarding NO 3 − removal, although plant uptake could also play a role, it was more likely that the anaerobic conditions of P1 promoted the removal of this form of nitrogen through denitrification. Cedergreen and Madson [29] found that duckweed had a 2 to 30 times higher affinity and 3 to 11 times higher capacity for NH 4 + uptake than for NO 3 − , depending on the plant structure and the availability of each nitrogen species, suggesting that plant uptake only played a marginal role in NO 3 − removal.
A close correlation between the concentration removal of PO 4 3− and the sum of NH 4 + and soluble N org in P1 was observed (R 2 = 0.97) in Figure 4 , while this relationship was not evident in W. These observations supported the hypothesis that the most important sink of nutrients in P1, and the overall system, is linked to plant uptake. Many authors have reported an active role of duckweed in the removal of nutrients in stabilization ponds. The N:P ratio in the harvested biomass varies from 2.55:1 to 3.57:1 in duckweed-based treatment applications with livestock wastewater [30, 31] , or up to 4.31:1 in municipal wastewater applications [32] . This relationship has been shown to vary depending on the concentration of nutrients in the lagoon [33] , and, therefore, it is related to the type of water that is being treated. The same authors reported an observed duckweed biomass production of between 18 and 29 g/m 2 /d on a dry weight basis. In the present study, the N:P ratio in the removal of PO 4 3− and the sum of NH 4 + and soluble N org in P1 was 2.65:1 mg/L ( Figure 4 ) and produced an estimated biomass yield of 33 g/m 2 /d on a dry weight basis based on a duckweed N content of 6.6% [31] . Considering that the N:P ratio observed in the removal of NH 4 + and soluble N org and PO 4 3− fell within the reported N:P range for duckweed and that the biomass yield estimated in P1 was comparable to values reported in literature, it was likely that the observed soluble nutrient removal in P1 was largely due to plant biomass growth. The correlation supported this hypothesis since it indicated that the removal of both nutrients was subject to a common process and that the performance in the treatment of both P and N responded to the same external factors.
Water 2020, 12, 168 10 of 17 of the particulate N (76%) was removed through sedimentation in P1, while the remaining 53% of soluble Norg was converted to NH4 + or hydrolyzed (Tables 2 and 3 ). This suggested that in P1, the removal rate of NH4 + was greater than that of the other nitrogen species, given that it had to counteract the simultaneous ammonification of Norg to maintain the same concentration ratio. Nitrification processes are inhibited at DO concentrations below 1 mg/L [28] , as was the case in P1, where the average DO concentration was 0.7 mg/L (Table 1) . Given the absence of optimal conditions for nitrification, it was hypothesized that the active net removal of NH4 + and soluble Norg observed in P1 was through plant uptake. Regarding NO3 − removal, although plant uptake could also play a role, it was more likely that the anaerobic conditions of P1 promoted the removal of this form of nitrogen through denitrification. [29] found that duckweed had a 2 to 30 times higher affinity and 3 to 11 times higher capacity for NH4 + uptake than for NO3 − , depending on the plant structure and the availability of each nitrogen species, suggesting that plant uptake only played a marginal role in NO3 − removal.
A close correlation between the concentration removal of PO4 3− and the sum of NH4 + and soluble Norg in P1 was observed (R 2 = 0.97) in Figure 4 , while this relationship was not evident in W. These observations supported the hypothesis that the most important sink of nutrients in P1, and the overall system, is linked to plant uptake. Many authors have reported an active role of duckweed in the removal of nutrients in stabilization ponds. The N:P ratio in the harvested biomass varies from 2.55:1 to 3.57:1 in duckweed-based treatment applications with livestock wastewater [30, 31] , or up to 4.31:1 in municipal wastewater applications [32] . This relationship has been shown to vary depending on the concentration of nutrients in the lagoon [33] , and, therefore, it is related to the type of water that is being treated. The same authors reported an observed duckweed biomass production of between 18 and 29 g/m 2 /d on a dry weight basis. In the present study, the N:P ratio in the removal of PO4 3− and the sum of NH4 + and soluble Norg in P1 was 2.65:1 mg/L (Figure 4 ) and produced an estimated biomass yield of 33 g/m 2 /d on a dry weight basis based on a duckweed N content of 6.6% [31] . Considering that the N:P ratio observed in the removal of NH4 + and soluble Norg and PO4 3− fell within the reported N:P range for duckweed and that the biomass yield estimated in P1 was comparable to values reported in literature, it was likely that the observed soluble nutrient removal in P1 was largely due to plant biomass growth. The correlation supported this hypothesis since it indicated that the removal of both nutrients was subject to a common process and that the performance in the treatment of both P and N responded to the same external factors. TN removal was lower in W (21%) compared to P1 (53%). Ammonification and nitrification appeared to be the dominant processes taking place, with 1.1 mg/L reduction in soluble Norg, a 13.4 mg/L (38%) reduction in NH4 + -N, and a 1.4 mg/L increase in NO3 − -N. Average DO concentrations in W varied monthly from 0.8 to 1.7 mg/L with an overall average of 1.3 mg/L (Table 1) , which is sufficient for nitrification [28] , while anoxic zones were likely present in the sediment. This suggested TN removal was lower in W (21%) compared to P1 (53%). Ammonification and nitrification appeared to be the dominant processes taking place, with 1.1 mg/L reduction in soluble N org , a 13.4 mg/L (38%) reduction in NH 4 + -N, and a 1.4 mg/L increase in NO 3 − -N. Average DO concentrations in W varied monthly from 0.8 to 1.7 mg/L with an overall average of 1.3 mg/L (Table 1) , which is sufficient for nitrification [28] , while anoxic zones were likely present in the sediment. This suggested that although having only one pond in the system could bring important organic matter and nutrient removal, the wetland was key to increasing the oxygen levels in the water and to promoting the transformation of nitrogen species, which improved the overall treatment.
Although there was evidence of nitrification, it was likely that this process could be inhibited by the high concentration of organic material in W influent. The high C/N ratio favored the conditions for heterotrophs (C-removers) to outcompete autotroph nitrifiers, inducing low nutrients removal. The lower TN removal rates of W as compared to P1 could also be linked to the fact that plant uptake did not appear to play a significant role in W due to a lack of commensurate PO 4 3− removal.
Suspended Solids
The system performed poorly with respect to TSS removal. P1 represented the largest net removal of this constituent in the system, which might be attributed to longer retention times and a layer of duckweed that protected the water from wind action. Generally, wetlands are expected to achieve net solids removal higher than 50% in agricultural contexts [10, 34] ; however, this study showed the opposite. Resuspension of solids in the water column of W was observed during the last three study periods from 22 August-15 November (Figure 2b ). Period 5, which corresponds to the period with the lowest precipitation, coincided with the period of greatest removal of solids in P1 (72.3%), as well as with the greater resuspension of TSS in W (most negative removal, −198%). Disturbing bottom sediments in W during sampling might have been the cause of the elevated TSS concentrations observed. Also, Jia et al. [6] argued that, in most cases, the concentration of TSS in the effluent of a wetland was attributed to biological processes, rather than by the concentration of TSS in the incoming flow. In particular, the solids leaving the system are often generated debris fragments from the accretion by decomposition of leaves and plant material and the resuspension of already settled solids in the wetland as opposed to from solids entering the system.
First Order Kinetic Rate Constants
The parameters C*, k, and θ recommended in the literature for agricultural runoff were calculated from the average values of wetland applications that treat wastewaters from livestock operations of different types (swine, cattle, dairy, and poultry) and showed a high level of variability, likely based on wastewater source and climate [8, 14, 25] . P-k-C* model parameters were optimized in this study using the sum of squares as a lack of fit minimization function with results presented in Table 4 . The optimum mean values of C* were within the range recommended by [10] , and the 95% confidence intervals were relatively narrow, representing between 5% and 12% of the mean value.
The incorporation of the parameter P accounts for non-ideal flow patterns typical of treatment wetlands. Previous reported k values were calculated, assuming a hydraulic efficiency intermediate between completely mixed and plug flow, approximated by three completely mixed tanks in series for all constituents [10, 14] . However, some authors suggest different P-values after studies with tracers or in configurations that minimize short-circuiting and promote plug-flow [6, 9] . In this study, the optimized P-value varied from 2 to 2.9 tanks in series.
The calculated θ coefficients indicated that there was a significant effect of temperature on all kinetic constants in W (θ > 1). The value of θ = 1.06 found BOD kinetics contradicts [6] , who recommended the value of θ = 1 for the design of domestic wastewater wetlands, suggesting k is not temperature-dependent. However, Knight et al. [10] calculated an average value of θ = 1.03 from the livestock wastewater database, supporting this study's findings that temperature had an effect on k BOD . The value for NH 4 + kinetics of θ = 1.05 was consistent with θ coefficients found in the literature of approximately 1.05 [6, 10] . The calculated, optimized values of θ for TP, PO 4 , and NO 3 − kinetics did not have much physical sense since the kinetic rates for these three parameters were all very low or negative. The small (<2% of the mean value) standard deviations of R 2 in Table 4 indicated that all parameter solutions within the 95% CI ranges fitted the data very closely. For every constituent, the F-test for statistical lack of fit analysis accepted the null hypothesis, stating that there was no significant lack of fit between the modeled and the observed data. This indicated that the model inadequacy was not significantly greater than the experimental error and, therefore, the model described the observed data. Table 5 presents a summary of the k values obtained after optimization compared to average values reported in the literature for livestock operations and their corresponding ranges. It should be noted that, as indicated in the table, some of the values reported were based on the C*-k model (Kadlec and Knight, 1996 , as cited in [10] ), which assumed a P-value close to 3 in the calculations. Although all the constants fell within the wide range of results found in the literature, the TN and TP k 20 values were lower than those reported by different authors. This was reflected in very similar W inflow and outflow concentrations, shown in Figure 2 , especially for TP. Part of the differences between observed and literature values might be due to factors, such as the wastewater source, the age of the wetlands included in each study, the time horizon used in the calculation of the constants, and operational parameters, such as the configuration of each system and the level of dissolved oxygen (DO) in the water. This last factor was critical when predicting the performance of a wetland in the treatment of different forms of nitrogen, given that their removal was contingent on chain processes that were very sensitive to changes in DO concentration. Constants describing the conversion or removal of different forms of nitrogen between different studies were difficult to compare without consideration for the Redox condition. The k 20 value should not change with time in a given wetland since it is characteristic of each system. However, by using the C*, P, and θ optimized values to recalculate the individual k values from each of the six defined periods, a high variation was observed, reported as the range of variation of the optimized k 20 constants in Table 5 . This showed that although a unique optimized k 20 value could adjust, to some extent, the observed and predicted values of concentration of the W effluent on an annual scale, the k values varied significantly on a monthly scale (approximate length of each period).
No clear evidence of a correlation between k 20 and precipitation, flow, retention times, or with input concentrations was found, but similar patterns of change were observed in the concentration of the constituents in P1 and W after rain events with similar intensity, which could explain the variability of k 20 observed on a monthly scale. Figures 5 and 6 show the reduction in the concentration of TN, TP, COD, and BOD 5 in the wetland influent (i.e., P1) and the wetland effluent (i.e., W) with respect to antecedent rainfall and grouped into thresholds 50% and 100% of the system being flushed. Low cumulative rainfall in the preceding days since the second-last sampling resulted in increased influent concentrations of all constituents with respect to past samples (shaded region A, Figure 5 ). In contrast, after intense precipitation events or after conditions of high cumulative precipitation, the influent concentrations decreased significantly with respect to past samples (shaded regions B and C, Figure 5 ). These patterns of concentration change were similar for the wetland effluent ( Figure 6 ). When the volume of recent precipitation events approached or exceeded the volumetric capacity of P1 and W, a displacement of untreated but strongly diluted water towards the end of the system was generated. This resulted in noise in the calculation of W efficiency and kinetics in the treatment of pollutants, given that the k 20 values calculated during periods where this occurred were affected by a dilution factor. For a better understanding of the role of the wetland in the net removal of pollutants during these events, it would be necessary to implement sampling frequencies that are linked to the intensity of precipitation events and conduct a separate analysis for each flow event with detailed time-series data.
In a study of the characterization of livestock feedlots, Miner et al. [17] concluded that runoff from low-intensity rainfall was generally more heavily polluted than that from intense rain, given that in these events, the nutrients and organic matter in manure had more time to solubilize in the incoming water [17] . This could explain the large increase in the concentration of all constituents, even two sampling dates, after moderate-intensity rainfall events. After W inlet concentrations increase, the treatment performance might also be compromised, given that there was greater oxygen demand in the system that could affect sensitive processes, such as nitrogen removal. A significant difference between values in regions A, B, and C was observed in both Figures 5 and 6 (p < 0.05).
The k 20 values of all the constituents during each of the rainfall events were calculated to better understand how the dilution or concentration of the influent affected the efficiency of the wetland. Figure 6 shows the average change in the k 20 value of the plotted constituents during the rain events grouped in each shaded zone. In zone A, which corresponds to a more concentrated influent, there was an average increase of 76% in all the constituent k 20 values. On the other hand, when the influent was more diluted, the change in the kinetic rate of the wetland was negative, showing an average reduction of 129% in zone B and 561% in zone C with respect to optimized year-based k 20 values reported in Table 4 . Changes in k 20 values were more pronounced for BOD, COD, and TN, whose removals were dependant on common variables, such as DO.
These changes in k 20 values indicated that the kinetics of the wetland were significantly affected by rainfall events, affecting both constituent input concentration and retention time. Therefore, while the P-k-C* model could effectively be used to design event-based systems for average annual performance, the model did not adequately account for individual events. As explained by [6] , as loadings increase, pollutant removal mechanisms could change: aerobic processes become less of a probable factor and are replaced by anoxic processes.
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The number of factors that can affect the performance of a wetland are too many to be described accurately by only one constant (k). The high range of reported k values in the limited literature reflects the number of operating and external variables, which are not considered in the parameter calculation. It is important to note that values for k, C*, P, and θ optimized from insufficient data sets might lead to unrealistic parameter estimates. Ideal data sets would include a broad range of inlet concentrations and hydraulic loading rates over long enough periods to allow consistent wetland performance, as indicated by stable outflow concentrations [14] .
The event-driven nature of the wetland system makes it difficult to determine rate coefficients with precision based on a kinetic model for continuous-flow systems. In periods where precipitation events were far apart, the system might have been functioning as a batch reactor instead of a tank-in-series configuration. This is evident in Figure 2 between September and October, where there was almost no precipitation, and effluent concentrations of NH 4 + , TN, TP, and COD decreased consistently until, in the case of NH 4 + , reaching background concentrations. In spite of the above, first-order models are still recommended to describe nutrients and organic matter removal in runoff treatment wetlands over averaged periods of operation [6] .
Conclusions
The pond-FWS CW system was effective at removing organic matter and nutrients with average removal efficiencies of 67% BOD 5 , 66% COD, 64% TN, and 45% TP over the 7-month operating season. Observed relationships between nitrogen and phosphorus removal in the pond system suggested that plant uptake, likely through the observed prevalence of duckweed, was a predominant nutrient removal mechanism in the system. The system was shown to be a viable management practice for cattle manure pile and exercise yard runoff treatment in a temperate climate. P-k-C* model parameters were optimized for the FWS CW. The k 20 were: 8.8 m/yr for BOD 5 computed Arrhenius temperature correction coefficient applied to the k values were: 1.061 for BOD 5 , 1.034 for COD and TN, 1.032 for TP, 1.035 for PO 4 3− and NO 3 − , and 1.050 for NH 4 + . The model was effective (and adequate) at representing average system performance over the operating season, with all the optimized k constants falling within the ranges reported in the literature from similar applications. However, high variations were observed when the model was applied at a monthly time scale due to the event-based nature of the system. Short-term k 20 values were shown to increase with low-intensity storm events and decrease with medium to high-intensity storm events as precipitation affects both the hydraulics and the input concentrations of the system. The effect of isolated rain events on the performance of the wetland was shown to be contingent on the intensity of the event, former humidity conditions of the feedlot, and the hydraulic capacity of the wetland. More complex multi-parameter models are required to better represent event-driven systems at short time-scales.
